Neutrophils are rapidly and massively recruited to the site of Leishmania inoculation, where they phagocytose the parasites, some of which are able to survive within these first host cells. Neutrophils can thus provide a transient safe shelter for the parasites, prior to their entry into macrophages where they will replicate. In addition, neutrophils release and synthesize rapidly several factors including cytokines and chemokines. The mechanism involved in their rapid recruitment to the site of parasite inoculation, as well as the putative consequences of their massive presence on the microenvironment of the focus of infection will be discussed in the context of the development of the Leishmania-specific immune response.
Introduction
Obligate intracellular protozoa of the genus Leishmania are sand fly-transmitted parasites capable of infecting various mammalian hosts including rodents, dogs, and humans. In man, infection with different species of Leishmania leads to a large spectrum of clinical manifestations including cutaneous, mucocutaneous, and visceral forms. Spontaneous cure of skin ulcers and life-long immunity to reinfection are the most common outcome in cutaneous leishmaniasis (CL), but diffuse or mucocutaneous forms of the disease may also develop. Mucocutaneous leishmaniasis (MCL) is mostly related to Leishmania species of the New World and can lead to partial or total destruction of the mucosal epithelia of the mouth, nose, throat, and associated tissues. Visceral leishmaniasis (VL) may display several clinical manifestations ranging from subclinical infection to potentially lethal forms if not treated, with heavy parasite burdens in the spleen, liver, and bone marrow, associated with anemia, splenomegaly, hepatomegaly, fever, and loss of weight. Differences in clinical outcome and manifestations of leishmaniasis result from several parameters including the nature of the infecting Leishmania species and host genetic factors. There are currently no available vaccines.
In order to decipher the mechanisms of the immune response involved in susceptibility or resistance to infection, the most widely used experimental model of cutaneous leishmaniasis relies on the infection of mice with L. major. Subcutaneous infection with L. major promastigotes leads in most strains of mice (the so-called "resistant" strains, e.g., C57BL/6, C3H, CBA) to the development of a small, self-healing lesion, to the control of parasite replication, and to immunity against reinfection. In contrast, in a few (susceptible) strains of mice such as BALB/c, sustained inflammatory lesions develop and parasite replication is not controlled, with spreading of parasites to nondraining lymph nodes and spleen. Susceptibility or resistance to infection was shown to result from the development of a subset of T cells distinguished by the cytokines they secrete. Emergence of Leishmania-specific Th2 cells, characterized by the secretion of IL-4 and IL-13, was shown to correlate with susceptibility to infection. In contrast, resistance to infection was associated with the IL-12 driven secretion of IFNγ by Th1 cells. IFNγ activates the microbicidal properties of phagocytes leading to parasite clearing and healing of the lesions [1, 2] .
The driving events leading to the development of either a protective response or nonhealing lesions were reported to occur within the first hours to 3 days after infection with L. major, at a time during which neutrophils are massively recruited as a result of infection. Indeed neutrophils are the first cells to be mobilized and arrive within hours to the site of tissue damage and parasite entry. Together with macrophages they phagocytose Leishmania, but only macrophages function as definitive host cells for Leishmania. The rapid recruitment of neutrophils to the site of infection was first described following needle inoculation of a large number of parasites into the skin [3, 4] and elegantly confirmed following infection with the natural vector (infected Phlebotomus dubosqui sand flies) using two photon intravital microscopy [5] . Importantly, in resistant strains of mice, neutrophils are recruited within hours of parasite inoculation but their level decreases to 1%-2% of the cellular infiltrate 3 days after infection. In contrast, in susceptible BALB/c mice neutrophils are still recruited and detected in large numbers at the site of infection more than 10 days after parasite inoculation. The importance of the newly migrating polymorphonuclear leukocytes (PMN) in the subsequent development of Leishmania-protective immune response will be the subject of this review.
Interactions between Neutrophils and Leishmania during the First Days of Parasite Inoculation
One of the classical functions attributed to neutrophils is their capacity to phagocytose and kill microorganisms. However, some pathogens including Leishmania can survive transiently within neutrophils. To this end, the parasite has developed several protective mechanisms including the prevention of the activation of an oxidative burst, thus avoiding the generation of highly toxic reactive oxygen species [6] and the ability to be targeted to nonlytic compartments of neutrophils, as recently reported for L. donovani [7] . Neutrophils have a short lifespan and become rapidly apoptotic, leading to their phagocytosis by macrophages. However, following infection, their lifespan can be increased to several days. Indeed, infection of human neutrophils in vitro with L. major increased their lifespan to two days, inhibiting the processing of procaspases in the infected cells [8, 9] . In order to test if infection of mouse neutrophils with L. major also delays apoptosis, highly purified inflammatory neutrophils were isolated from the peritoneal cavity of mice four hours after injection of L. major i.p. and cultured for 24 hours alone or in the presence of L. major promastigotes. Neutrophil apoptosis was measured by FACS. Early apoptosis, characterized by the presence of phosphatidyl serine on the cell surface, was detected by Annexin-V staining, while staining with both Annexin-V and 7AAD was indicative of late apoptosis/necrosis. Exposure to L. major decreased markedly the percentage of both early and late apoptosis (Figure 1(a) ). Coculture of neutrophils with an excess of macrophages (2:1 mϕ:PMN ratio) was previously reported to increase significantly neutrophil apoptosis [10] . To investigate if macrophageinduced neutrophil apoptosis was modulated by L. major, neutrophils and macrophages were cocultured with or without metacyclic L. major promastigotes. No decrease in neutrophil apoptosis was measured in L. major-infected relative to noninfected cultures; indeed an increase in early apoptosis (Annexin-V + , 7AAD
− neutrophils) was noted in neutrophils incubated with both macrophages and L. major (Figure 1(b) ) as already shown [10] . The acceleration of neutrophil apoptosis by macrophages was reported to be mediated by the transmembrane form of Tumor necrosis factor (mTNF) on macrophages. Using mice that express a functional mTNF but do not release soluble TNF, it was shown that the sole presence of transmembrane TNF allowed the control (decrease) of neutrophil number at the site of parasite inoculation seven days postinfection, resulting in the resolution of the inflammatory lesion [10, 11] .
Another study has revealed a further effect of the neutrophil-macrophage interaction on the fate of the intracellular parasite. Indeed in susceptible BALB/c mice, interaction between macrophages and dead neutrophils was reported to exacerbate parasite growth through the production of PGE2 and TGFβ by macrophages. In contrast, using cells from resistant C57BL/6 mice, interaction of dead neutrophils with macrophages promoted parasite killing, through secretion of TNF by macrophages [12] .
Thus, it appears that at the onset of infection, neutrophils provide transiently a shelter to L. major, which in turn delays apoptosis of the cells as long as the increasing number of monocytes/macrophages at the site of parasite inoculation does not reverse this trend. When the ratio between leukocytes of the monocyte/macrophage and neutrophil increases two or three days following needle inoculation with a high dose of L. major in C57BL/6 mice, or following infection through the bite of L. major-infected sand flies, macrophages become the dominant cell population in the cellular infiltrate [3] [4] [5] [6] , favouring neutrophil apoptosis. When neutrophils become apoptotic, the parasites are transferred to macrophages where they will replicate.
The exact way live parasites present within neutrophils are transferred to macrophages is currently not clear and may include several modes of entry. Data obtained in vitro showed that macrophages can phagocytose apoptotic neutrophils containing intact Leishmania, providing the parasite with a silent "Trojan horse" mode of infection [9, 13] .
Recently, Peters et al. purified Leishmania-infected neutrophils and injected them into the skin of mice that had been exposed to the bites of uninfected sand flies (to condition the site of inoculation of the infected cells to resemble as closely as possible that of a natural infection). In vivo visualization of the interaction between neutrophils and macrophages revealed that neutrophil-containing Leishmania were not directly phagocytosed by macrophages, but rather, neutrophils released the parasites that subsequently entered macrophages [5] . More studies will be needed to evaluate if there exists distinct modes of transfer from neutrophils to macrophages between different Leishmania species or between strains of differing virulence within a given species. That neutrophils play a decisive role at the onset of infection by Leishmania parasites is also suggested by studies on experimental visceral leishmaniasis. Indeed, neutrophils were shown to have both a direct impact on parasite killing and on the protective immune response developing following infections with L. donovani or L. infantum [14] [15] [16] . A small percentage of L. donovani parasites was reported to escape direct killing in neutrophils, being directed to nonlytic compartments of the cells. Macrophages appeared to be able to phagocytose the parasitized neutrophils in vitro [7] , but whether this or additional mechanism(s) of L. donovani entry exist during infection remains to be determined.
Neutrophils as Orchestrators of the Immune Response
In addition to their phagocytic function, neutrophils contribute to the initiation of inflammation, a process which is recognized as essential in launching immunity. The importance of neutrophils as decision shapers in the development of an immune response is only emerging as they have long been considered by immunologists as short lived, nondividing cells of poor interest [17] . This view is now changing, and neutrophils currently appear not only as key components of the inflammatory response but also as cells that display important immunoregulatory roles in different microbial infections [4, [18] [19] [20] [21] . In this part of the review, we will focus (1) on the parameters controlling neutrophil early recruitment following L. major infection and (2) on the release by neutrophils of cytokines and chemokines that may influence the development of a protective immune response against the parasite.
Mediators of Early Neutrophil
Recruitment. During homeostasis, neutrophils are circulating in the blood. Upon deposition of L. major in the skin, the sand fly (or the needle) causes tissue injury, favouring within hours massive neutrophil influx from the bloodstream to the site of Leishmania inoculation. The factors involved in their rapid recruitment are still not well defined and may involve chemokines, cytokines and other molecules secreted by the host and/or the parasite, as discussed below. Neutrophils are predominantly responsive to members of the CXC chemokine family such as IL-8, a chemokine not only primarily secreted by epithelial cells, keratinocytes, fibroblasts, and endothelial cells but also by neutrophils. Indeed, in response to L. major, human neutrophils were shown to release IL-8 in vitro [22] , a process that should favour their own recruitment. In the mouse IL-8 has two functional homologues, MIP-2 (CXCL2, Groβ) and KC (CXCL1, Groα). Upon L. major infection, KC mRNA has been reported to be rapidly and transiently induced in L. major infected skin, suggesting a possible association between KC transcription and granulocyte recruitment [23] . Thus IL-8 in humans and KC in mice may contribute to the early neutrophil recruitment at the site of parasite inoculation but their direct involvement during infection remains to be demonstrated in vivo.
Neutrophil recruitment can also be induced by cytokines such as IL-17 and Tumor necrosis factor (TNF). Among the family of IL-17 cytokines, IL-17A and IL-17F are able to promote the recruitment of monocytes and neutrophils via the induction of other cytokines and chemokines such as G-CSF and IL-8 by various cell types (reviewed in [24] ). The role of IL-17 on neutrophil recruitment to the site of L. major inoculation has been investigated in BALB/c mice genetically deficient in this cytokine (IL-17 −/− mice). During the first three weeks following L. major inoculation, neutrophil recruitment at the site of infection did not differ between IL-17 −/− and control mice. However, from four weeks after infection neutrophil numbers in the infected skin were significantly lower in absence of IL-17 [25] . Thus IL-17 does not seem to be a major contributor of the early neutrophil recruitment occurring during the first days of infection but appears to be involved in promoting neutrophil influx into the infection site at later time points.
Following infection with L. major, mice deficient in TNF or in one of its receptor (TNFR1 or p55) develop nonhealing ulcers, revealing an essential role for TNF in the control of inflammatory lesions [26] [27] [28] [29] [30] [31] . Furthermore, using mTNF-knock-in (mTNF / ) mice, which express functional mTNF but do not release soluble TNF, the transmembrane form of TNF was shown to be crucial in resolution of the inflammation associated with the leishmanial ulcer. Indeed following L. major infection, (mTNF / ) mice, unlike TNF −/− mice, were able to heal their lesion, a process associated with clearance of neutrophils from the infection site [11] . In addition, we further showed that transmembrane TNF was essential in the control of neutrophil presence one week after infection. Neutrophil numbers were still elevated at the site of infection 7 days after parasite inoculation in TNF −/− mice while L. major infected mTNF / mice controlled significantly better the number of neutrophils present at the infection site, which declined to levels comparable with those observed in C57BL/6 mice. Thus TNF appears to be an essential player in the control of neutrophils in the lesion however, its contribution in the rapid recruitment of neutrophils within hours of L. major inoculation still remains to be investigated.
Mast cells are thought to play a role of sentinels in the skin and are known to be activated by different factors, including live L. major [32] . When mice deficient in mast cells were inoculated with L. major, they exhibited decreased neutrophil recruitment to the infection site three weeks after infection. However no apparent difference in neutrophil numbers was detected during the first week of infection [33] , suggesting that, as seen for IL-17, mast cells and the products they secrete are not major players in the rapid neutrophil influx occurring within hours of L. major inoculation but may contribute to neutrophil recruitment in a later phase of infection.
A role for the complement component C3 in neutrophil recruitment following L. major infection was investigated using BALB/c mice that express cobra venom factor (CVF) under the control of the α1-antitrypsin promoter, leading to continuous activation and consumption of C3 in the serum. Upon infection, these mice did not develop any inflammatory lesions and had lower neutrophil infiltration at the site of infection [34] . It remains difficult to assess if such decreased neutrophil recruitment is the cause or the result of the observed inhibition of lesion development.
Finally, neutrophil recruitment can presumably also be actively induced by the parasite. Indeed, Leishmania parasites, including L. major, have been shown to secrete in vitro a factor that is chemotactic for granulocytes (Leishmania chemotactic factor, LCF) and capable of attracting human neutrophils [22] . However, if factors secreted by Leishmania species may play a role in the process of neutrophil recruitment, skin damage caused by uninfected sand fly bites or by a sterile needle is sufficient to induce a rapid neutrophil influx to the lesion site, suggesting that factors released by the parasites contribute only in part to the initial neutrophil ingress observed following L. major inoculation [5] .
Altogether, despite the identification of many putative candidate molecules that could participate in the initial Journal of Biomedicine and Biotechnology neutrophil recruitment occurring within hours of parasite inoculation, the exact contribution of individual factors and/or their combination in this process still needs to be clarified.
Influence of Neutrophils on the Local Environment during the First Days after Leishmania Inoculation.
As discussed above, neutrophils are the first cells to arrive at the site of entry of infectious agents, where they are stimulated to phagocytose the foreign bodies and also to secrete factors involved in the recruitment and/or activation of other inflammatory cells. It has been shown that neutrophils can express a large number of factors including chemokines and cytokines [35] that could influence the microenvironment at the site of infection and thus the subsequent immune response. One of the strategies designed to explore the role of neutrophils during Leishmania infection has been to deplete these cells prior to infection by the injection of specific mAbs. To this end, essentially two mAbs have been used, that is, RB6-8C5 [36] and NIMP-R14 [37] . RB6-8C5 is an antibody that reacts mainly with the granulocyte differentiation Ag (Gr-1), although it also recognizes the Ly-6C-and Ly-6B.2 antigens. Thus injection of this mAb will deplete not only neutrophils but also other Gr-1-expressing cells such as monocyte-derived macrophages, eosinophils, dendritic cells, and subpopulations of lymphocytes and monocytes. The NIMP-R14 mAb [37] recognizes a 25-to 30-kDa protein present on the neutrophil membrane and depletes neutrophils more selectively, as it does not recognize Ly6C (Charmoy M. and Tacchini-Cottier F. unpublished results). Another mAb (1A8) [38] recognizes the LY6G and not the LY6C molecules, and thus it does not affect Gr-1 + blood moncytes. It has recently been used to deplete neutrophils in vivo [39] . Thus, depending on the mAb used in vivo and on the regimen of administration, one has to take into account that cells other than neutrophils may be depleted that could contribute to the phenotype observed.
The role of neutrophils in infection of mice with L. major has been investigated by several groups including ours. Depletion of neutrophils in L. major susceptible BALB/c mice prior to inoculation of the parasite dramatically changed the course of infection, leading to a significantly lower lesion size than in control mice and to modifications of the developing immune response. Indeed, more IFNγ and less IL-4 were found to be secreted by lymph nodes cells in neutrophildepleted mice compared to their similarly infected controls [4, 12] . Neutrophil depletion in L. major-resistant C57BL/6 mice prior to parasite inoculation leads to an increase parasite burden after 35 days of infection using the RB6-8C5 or the NIMP-R14 mAb. However, this is a transient effect, as mice are finally healing their lesions with no change in the Th1-associated immune response [4, 40, 41] . In another experimental model [16] , neutrophil depletion using the NIMP-R14 mAb during the first days of infection with L. donovani was shown to have an impact both on the control of parasite replication and on the development of a parasitespecific immune response. Neutrophil-depleted mice had increased parasite load in the spleen, bone marrow, and then to a lesser extent in the liver, and in these mice, development of the L. donovani-induced immune response was altered, with a significant increase in interleukin 4 (IL-4) and IL-10 levels and reduced IFNγ secretion by CD4 + and CD8 + T cells as compared to similarly infected mice injected with a control mAb.
As indicated above, the outcome of NIMP-R14 mAb injection prior to inoculation of L. major differed in BALB/c and C57BL/6 mice. In order to understand the contribution of neutrophils in the distinct phenotypes observed, BALB/c and C57BL/6 neutrophils, respectively, from L. majorsusceptible or resistant mice, were exposed to L. major in vitro. Different responses were observed: L. major induced selectively in C57BL/6 neutrophils TLR2, 7 and 9 mRNA, and the autocrine secretion of IL-12p70 and IL-10. In contrast exposure of BALB/c neutrophils to L. major did not increase these TLRs mRNAs, nor the secretion of IL-12p70. However, these BALB/c neutrophils secreted high levels of IL-12p40, forming the IL-12 inhibitory IL-12p80 complex [42] . TLR4 was induced similarly in neutrophils from both C57BL/6 and BALB/c mice [42] . Following infection with L. major, C57BL/6 and BALB/c neutrophils were also shown to differ in their secretion of neutrophil elastase (a molecule that contributes to parasite killing within macrophages through activation of TLR4 [43] ) as indeed only C57BL/6 neutrophils secreted this molecule [12] . In most of the studies investigating neutrophil biology, the careful identification of this cell population is of utmost importance for the conclusions reached. Indeed, several cell surface neutrophil proteins are shared with other cells of the myeloid lineage. Thus, the proper identification of neutrophils requires the combination of a mAb directed against Ly-6G with several other mAbs directed against cell surface proteins also present (Ly-6C, CD11b) or absent (F4/80, MHCII, CD11c) on these cells.
The secretion of cytokines and chemokines by neutrophils is not as high as that of other cell types such as dendritic cells. However, considering the massive number of neutrophils present at the site of parasite inoculation during the first days of infection, these cells and the products they release are likely shaping the microenvironment in a way that can markedly impact on the developing immune response.
Conclusions
We have reviewed evidences in literature demonstrating that neutrophils play an essential role during Leishmania infection, providing a transient safe shelter for the parasite during the first day of infection, until the macrophages become the dominant population in the cellular infiltrate.
In addition, factors released by these massively and rapidly recruited neutrophils likely contribute to determining the type and magnitude of the Leishmania-specific immune response. Further studies will be required to decipher the cross-talks between neutrophils and other cells, that leads to the eventual resolution of the lesion, or on the contrary to unimpaired progression of the infection (Figure 2) . In this line, factors contributed by the sand fly vector also need to be considered. Indeed, recent experiments by Peters et al. revealed that sand fly inoculation maintains a localized, prolonged neutrophilic response which is different from that observed after needle injection of the parasite. This neutrophilic response impaired protection afforded in mice vaccinated using a killed Leishmania vaccine and challenged by the bite of infected sand flies, while such mice exhibited resistance against challenge infection induced through needle inoculation of live parasites [44] . Removal of the neutrophils promoted resistance against sand fly-induced infection, further pointing to the importance of neutrophils as a decisive parameter in shaping the outcome of infection by Leishmania parasites.
